Abstract. An EOF analysis of a constructed time series mimicking the Northern Hemisphere SLP variability of the last 50 years shows that the Barents Oscillation (BO) appears as a means to represent the sudden eastward shift of the northern center of action associated with the Arctic Oscillation (AO) observed in the mid-seventies. This sudden shift (non-stationarity) appears in an EOF analysis as a step change in the relative phase between the principal components associated with the EOFs of the AO and BO. The results also show that an EOF analysis of a constant amplitude signal can produce artificial trends and/or amplitude changes in the principal component associated with a given mode (eg. AO) when such non-stationarities are present in the signal. In this case, different modes of variability represented by EOF's cannot be considered independently from one another. In the example presented, although the principal components are completely uncorrelated from one another, perfect correlation and anti-correlation are present in the first and second parts of the time series respectively.
Introduction
Early on, the North Atlantic (NAO) and North Pacific (NPO) Oscillations were identified as two important modes of variability in the Northern Hemisphere (NH). These modes clearly stand out in an EOF analysis of SLP in the NA and NP sectors and manifest themselves as north-south dipoles with a sub-polar and a mid-latitude center [e.g., Wallace and Gutzler, 1981; Hurrell, 1995; Rogers 1990] . More recently, Thompson and Wallace [1998] introduced the Arctic Oscillation as the leading EOF in SLP over the entire NH. Although the AO and the NAO share many common features, the AO has a northern center of action that covers more of the Arctic and an additional weaker center in the North Pacific, giving it a more zonally symmetric appearance. From a non-linear principal component analysis, Monahan et al. [2000] show that the Northern Hemisphere variability is better characterized by an Arctic-Eurasian oscillation which is occasionally replaced by a split-flow configuration in the North Atlantic, with the AO representing some average between the two states. In the framework of the Arctic Oscillation, Skeie [2000] introduced the Barents Oscillation -the second EOF of the NH monthly mean SLP variability north of 25
• N -which influences, among other things, the Eurasian surface air temperatures (SATs) in much the same way as the AO pattern, and the sensible heat fluxes (SHFs) in the Nordic seas. Skeie notes however, that an analysis of NCAR SLP data for Copyright 2001 by the American Geophysical Union.
Paper number 1999GL000000. 0094-8276/01/1999GL000000$05.00 [Skeie, 2000] does not reveal the presence of the BO pattern. In this note, an alternate interpretation of the BO mode of variability is presented, and more generally, the importance of considering separate statistical modes of variability together, for the analysis of certain climate signals, is shown.
The problem
In the context of a study of the link between the sea ice export through Fram Strait and the North Atlantic Oscillation (NAO), Hilmer and Jung [2000] described a secular change in the position of the northern center of action associated with the NAO pattern around 1976. This change is apparent from looking at the first mode of variability of the NH SLP for the periods 1949-76 and 1977-99 1 shown in Fig.  1a and 1b (Hilmer and Jung obtained similar results from a linear regression of the NAO index onto the winter SLP anomaly field for the two sub-periods). This change was also reported by Cavalieri and Hakkinen [2001] , who noticed a shift in the mean phase of planetary-scale SLP wave number 1 and 2 in the early seventies, and by Armstrong et al. [2001] , who noticed a step change in the correlation between the NAO index and the winter sea ice concentration anomalies in the Laptev and Kara seas at around the same time. In the following we will refer to this change as a regime shift.
Interestingly, the spatial pattern of this regime shift can be reproduced from an EOF analysis of the entire time period (1949-99) . This is shown in Fig. 2b where the third EOF 2 of the 1949-99 time period is seen to be similar to the difference map between the first mode of each of the two sub-periods (Fig. 1c) . The first EOF for the entire time period (Fig. 2a) is the AO pattern, with a northern low pressure cell located in some average position between the two sub-period low pressure cells (see Fig. 1a and 1b) . The third mode of atmospheric variability, appearing as an eastwest dipole centered over the east Greenland current, was named the Barents Oscillation (B0) by Skeie [2000] 3 since the main center of action is in the Barents/Norwegian seas. Although the spatial pattern of this regime shift is picked up by the third EOF, there are no apparent irregularities in the principal component associated with this mode in the midseventies (Fig. 2c , dashed line). The question we are asking is the following: Given that the nature of the atmospheric circulation in the North Atlantic clearly changed in the midseventies ( Fig. 1a and 1b ) and that this change (Fig. 1c) is well captured by the third EOF of the entire time period ( Fig. 2b) , why is there no apparent sign of this change in the principal component time series (Fig. 2c ) associated with this mode in the mid-seventies? Or, how does an EOF analysis capture such secular changes present within a time series?
Toy model of the North Atlantic atmospheric variability
To answer this question, a simple toy model of the North Atlantic atmospheric variability is constructed. Consider a simplified representation of the NAO variability observed over the last 5 decades where the Azores High and Icelandic Low are represented by two squares (3 grid cells wide by 3 grid cells long), with the first one to the south of the other, and each square oscillating between a state of +1 and -1 from year to year (see Fig. 3 ). In analogy with the observed North Atlantic variability (Fig 1a and 1b) , the Icelandic Low center of action in this simple model, is positioned to the north-west of the Azores High for the first 20 years with a sudden change to its north-east for the last 20 years. To this end, a 40 × 81 matrix (40 years of data on a 9 × 9 physical domain) of zeros, plus ones and minus ones was constructed and analyzed using EOF analysis (zeros were used everywhere but at the centers of action).
In this simple model the first two modes of variability represent the Arctic Oscillation and the Barents Oscillation ( Fig. 4a and 4c ) and explain 100% of the total variance (83.3% and 16.7 % respectively). As seen from the principal components associated with these two modes of variability (Fig. 4e) , the sudden change in the position of the northern center of action (idealized Icelandic Low) does not manifest itself as a step change in the magnitude of the principal components (AO or BO indices) but rather as a step change in the relative phase between the two modes of variability. In the first 20 years, the AO and BO time series are 180 degrees out of phase and a constructive interference in the north-west and destructive interference in the north-east of the domain is present. At year 21, there is a step change in the relative phase of the two time series and the reverse situation is observed. This shows how an EOF analysis decomposes a non-stationary process into basic modes that are orthogonal to each other. As expected, the correlation coefficient between the two principal components for the entire time period is zero; however it is equal to -1 and +1 for the first and last 20 years of the time series respectively. The Barents Oscillation therefore only appears in this analysis as a way to represent the non-stationarity of the AO spatial pattern.
In addition, changes in the amplitude of the principal components at the time when the sudden eastward shift is imposed, can be produced in this idealized NAO oscillation without changing the amplitude of the original SLP signal. This is done simply by introducing spatial or temporal asymmetries in the problem. For instance, increasing the length of time of the second regime (relative to the first one), or increasing the area of the low pressure cell in the northeast of the domain for the last 20 years 4 , without changing the amplitude of the seesaw (i.e. +1 and -1), causes an increase (decrease) in amplitude in the first (second) principal component (AO or BO index) at the step along with a phase change. The results from the first scenario are shown in Fig.  4b, 4d and 4f for a similar 40-year data set but, where the shift between the two modes of oscillation is imposed after year 10 instead of year 20 (the second scenario gives analogous results). Note that the spatial patterns in this case are very similar to the previous case except for the fact that the northern center has shifted east in the first EOF and a weak (not significant) southern center has now appeared in the second EOF.
This analysis shows that a regime shift, such as the one observed in the mid-seventies, can only be seen (when using linear EOF analysis) by looking for a relative phase shift between two different principal components, and that changes in amplitude in the AO and BO indices can be the result of spatial or temporal asymmetries between different regimes rather than actual changes in the amplitude of the seesaw in the original SLP time series. The change in amplitude at the step will be a function of the partition of energy between the two modes. In this case the amplitude change is small scenarios. In the first scenario (a, c and e), a seesaw in SLP is imposed with a sudden eastward shift in the northern cell position after year 20; in the second (b, d and f), the shift occurs after year 10. The first PC in both (e) and (f) is shown as a solid line with x-mark symbols and the second PC, as a dashed line with circle symbols. In the first scenario, the first and second modes of variability explain 83.3 % and 16.7 % of the total variance respectively; in the second scenario, they explain 88.2 % and 11.8 %.
as the first and second EOFs account for 83.3% and 16.7 % of the total variance. In the case of the AO and BO pattern, this effect might be more important as the fraction of the total variance is of the same order of magnitude (32% and 9% respectively). In general, the results suggest that in the presence of non-stationarities, different modes of variability (although orthogonal to each other) should be considered together. Alternatively, EOF analysis can be used with a moving time-window on the original data to identify changes in the basic modes of variability. When looking at the principal components of the actual SLP variability (see Fig. 2c , where PC1 and PC3 are plotted together), the phase shift is apparent from the AO and BO time series which have a correlation of -0.29 for the 1949-76 time period and 0.40 for the 1977-99 time period. The anti-correlation for 1949-76 is lower than for 1977-99 as some BO pattern is present in that sub-period 5 . From Fig. 2c , an increase in amplitude of the AO index around 1970, accompanied by a decrease in amplitude of the BO index, is also clearly visible. A comparison between the AO and NAO time series (not shown here) shows a larger amplitude increase in the AO index in 1970 than does the NAO index (which is based on a SLP difference rather than a principal component associated with a given mode of variability). This analysis suggests that this exaggerated amplitude change in the AO index in 1970 could be an artifact of the EOF analysis method.
